This study tested the feasibility of velocity vector imaging (VVI) analysis to quantitatively assess right ventricular (RV) function during stress echocardiography (SE).
Introduction
Stress echocardiographic (SE) assessment of left ventricular (LV) global function and regional wall motion has been well established in the diagnosis and risk stratification of patients with coronary artery disease. Right ventricular (RV) function is not commonly assessed during SE because of challenges posed by its complex geometry and kinematics. 1 This has resulted in a paucity of information regarding the methodology for assessing and quantitating RV function during stress. The purpose of this study was to assess the feasibility of velocity vector imaging (VVI) analysis to evaluate RV global and regional function during SE, and to report the quantitative values of RV dynamics in patients with a normal response to stress.
Methods
Study population protocol 2 with baseline and peak imaging; dobutamine SE was performed according to our routine protocol 3 with baseline, pre-peak, peak, and recovery imaging. Three additional images evaluating the RV were obtained from the: (i) parasternal short-axis view at the mid-level, (ii) apical four-chamber view of the RV, and (iii) continuous wave Doppler velocity of TR, at baseline and immediately after acquisition of routine peak stress images.
Echocardiogram analysis and definitions
LV regional wall motion abnormalities (RWMA) were interpreted by a board certified cardiologist trained in SE according to the American Society of Echocardiography recommendation. 4 A positive result of myocardial ischaemia was defined as a newly developed or worsening RWMA at stress. An abnormal LV ejection fraction (EF) response to stress was defined as a , 5% increase at peak stress. A hypertensive response was defined as a peak systolic blood pressure (BP) .220 mmHg for men and .190 mmHg for women. 5 The estimated RV systolic pressure (eRVSP) at stress was calculated from the peak TR velocity and the estimated right atrial pressure. In this study, we defined patients with a 'normal response to stress' as patients with no RWMA, a normal LV EF response, no hypertensive response, and an eRVSP , 45 mmHg at stress. 6 
Velocity vector imaging analysis
Studies were stored digitally and analysed using off-line Research-Arena TM 2.0 software (TomTec Imaging Systems, Munich, Germany). The VVI is based on the concept that tissue moves from one frame to the next, and multiple speckle tracking algorithms ultimately identify the tissue displacement at every point. Practically, a single manual endocardial border tracing leads to automatic tracking of the entire cardiac cycle, allowing analysis of velocity vector mechanics, including the velocity, strain, and strain rate (SR), in either radial, circumferential or longitudinal directions. The VVI algorithm tracks not only speckles, but also annular movement and the bloodtissue border. In this study, we drew one trace on the frame that most clearly showed the RV endocardial border at end-systole, and the automatic endomyocardial border tracing throughout all cardiac cycles would follow, averaging three cardiac cycles with a frame rate set at 31 frames per second. We manually adjusted the automatically placed reference point as necessary to the RV apex for a four-chamber image, or in the middle of the RV cavity for a shortaxis image, to measure longitudinal and radial velocity vectors, respectively. Global RV EF and RV fractional area change (FAC) were derived automatically from the apical four-chamber VVI tracing. Regional parameters were calculated from a total of 10 sample points: the radial velocity, circumferential strain, and SR of four points (anterior, inferior, septal, and lateral walls) from a midlevel shot-axis image, and the longitudinal velocity, strain, and SR of six points (basal sepal, mid-septal, apical septal, basal lateral, midlateral, and apical lateral walls) from an apical four-chamber image ( Figure 1 ). 
Statistical analysis
All analyses were carried out using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). Continuous variables were reported as mean + standard deviation. Variables between the baseline and peak stress were compared using the paired-sample t-test. Bivariate linear regression analysis was employed to assess the relation between the echocardiographic index and heart rate. The P-value was considered to be significant at less than 0.05. Inter-and intra-observer variations were quantified as coefficients of variation, the standard deviation of the difference between values derived by the different observers or on the two different occasions expressed as a percentage of the mean velocity.
Results

Study subjects
Of the 73 patients, 38 (52%) underwent treadmill SE achieving 111 + 26% functional aerobic capacity; the remainder had dobutamine SE achieving target heart rates of .85% without complications. Patient's baseline characteristics are in Table 1 .
Feasibility of velocity vector imaging analysis of right ventricular during stress echocardiography
Seventy (Treadmill 37, Dobutamine 33) of the 73 (96%) studies were feasible for VVI analysis: from the mid-level RV short-axis view, three lateral segments of RV were out of the image sector in the end-diastolic frame at baseline, not feasible for VVI analysis; whereas from the apical four-chamber view of RV, all studies at both baseline and peak stress were feasible for VVI analysis.
Inter-and intra-observer variability for velocity Inter-observer and intra-observer standard deviations were 0.61 and 1.06 cm/s, respectively, giving coefficients of variations of 10 and 18%, respectively.
Global and regional right ventricular function in patients with normal response to stress
Among the studies feasible for VVI analysis (n ¼ 70), fifty studies (71%) demonstrated a 'normal response to stress' ( Table 2) , whereas the remaining demonstrated new RWMA indicating myocardial ischaemia with poor LV EF response (six patients), hypertensive response (eight patients), and eRVSP .45 mmHg at stress (six patients). In patients with a normal response to stress, there was a significant increase in the global RV EF (61.2 + 9.7 vs. 68.7 + 10.8%, P , 0.001) and RV FAC (46.1 + 8.8 vs. 52.8 + 9.6%, P , 0.001). At peak stress, there was a significant increase in the magnitude of the radial velocity, circumferential strain, and SR in RV lateral, anterior, and inferior walls ( Table 3 ) and of the longitudinal velocity and SR in both mid-to-basal septal and lateral walls ( Table 3) .
Velocity vs. displacement
Longitudinal velocity of the RV basal lateral wall showed a significant increase at peak stress (7. (92%). However, longitudinal displacement of the same wall revealed no significant increase at peak (15.2 + 4.4 to 15.0 + 4.9 mm, P ¼ 0.753). The changes (D ¼ peak2baseline) revealed negative correlation (linear, n ¼ 50, r¼ 20.426, P ¼ 0.002) with heart rate at peak stress ( Figure 2 ).
Strain rate vs. strain
The longitudinal SR of the RV basal lateral wall revealed a significant increase in magnitude at peak (21.9 + 0.7 to 23.2 + 1.4 cm/s, P , 0.001), the change being negative (D ¼ peak2 baseline) in 39 patients (78%). On the other hand, longitudinal strain of the same segment did not show a significant increase at peak (232.0 + 9.6 to 235.7 + 12.9 cm/s, P ¼ 0.098), and the change is negative in 28 patients (56%) (Figure 3 ).
Treadmill vs. dobutamine
We compared the haemodynamic, global, and regional RV parameters between patients who underwent treadmill (n ¼ 25) vs. dobutamine SE (n ¼ 25) ( Table 4) .
Discussion
This study demonstrates that the VVI technique is able to quantify global and regional RV function simultaneously during the SE. To our knowledge, this is the first application of the 2D speckle tracking algorithm used to assess RV regional function during SE.
Right ventricular evaluation during stress echocardiography
Since 1979, SE has been extensively used to evaluate stress-induced LV wall motion abnormalities. 8 However, only a few studies have evaluated RV function during SE. The main focus of RV assessment during SE was to detect coronary artery disease. 9 -11 Alam et al. 11 have reported that exercise-related reversible changes in tricuspid annulus motion may identify patients with proximal right coronary artery stenosis. Lim et al.
12
have reported that RV function is preserved in patients with chronic proximal occlusion of the right coronary artery during SE using 2D FAC or visual RV lateral wall motion scores. O'Sullivan et al. 13 have shown that dobutamine stress-induced RV dysfunction is not related to the LV wall motion score index by measuring tricuspid annular displacement, RV myocardial tissue Doppler velocity, and RV dimensions. Recently, in patients with adult congenital heart disease, the systemic RV function evaluated using M-mode and tissue Doppler velocity showed its role as a determinant of exercise capacity during SE. 14 Furthermore, Bangalore et al. 15 demonstrated the prognostic value of visual RV wall motion analysis independent of LV ischaemia in SE. Thus RV assessment during SE is important but the techniques available are not uniformly utilized or standardized, precluding widespread application of RV assessment during SE. This study shows that 2D speckle tracking analysis of the RV during SE is feasible without compromising simultaneous assessment of the LV. Twodimensional speckle tracking analysis of resting regional RV function is not new and is commonly applied in patients with pulmonary arterial hypertension; 7 our study demonstrates the application of this technique during routine SE for the assessment of global and regional RV function using conventional 2D echo images without angle dependency. Furthermore, this technique can be used efficiently with relatively less additional time during the timeconstrained stress test using routine 2D views without changing modalities or probes.
Characteristics of right ventricular parameters during stress echocardiography
We presented global (FAC, EF) and regional (velocity, strain, and SR) RV mechanics at peak stress compared with baseline in . Among these new parameters derived from one VVI tracing some may be more sensitive for detecting stress-induced regional RV function changes. In this study, even though there was a significant increase in global RV EF or RV FAC, the regional myocardial effects varied substantially at peak stress depending on the parameters chosen Figure 2 Illustrations of the longitudinal velocity (A1, A2, A3) and longitudinal displacement (B1, B2, B3) of the RV basal lateral wall during SE in patients with normal stress response (n ¼ 50). Longitudinal velocity increased from baseline to peak significantly (A1, 7.7 + 2.0 to 10.3 + 2.9 cm/s, P , 0.001), but the displacement could not demonstrate a significant increase (B1, P ¼ 0.753). Longitudinal velocity showed a positive correlation with heart rate (A2), longitudinal displacement, a negative correlation (B2). Increase of longitudinal velocity was demonstrated in 46 of 50 cases (A3), whereas an increase of longitudinal displacement was demonstrated in 19 of 50 cases, which has a negative correlation with the heart rate at peak imaging (B3). *Heart rate on the apical four-chamber image clip (either baseline or peak stress); † Heart rate on the apical four-chamber image clip at peak stress; D ¼ peak2baseline.
Assessment of RV function during stress echo ( Table 3) . The longitudinal velocity showed a significant increase at peak stress; the longitudinal displacement and its amount of change, paradoxically, showed a negative correlation (Figure 2) . Similarly, the SR showed a significant increase in magnitude at peak stress, whereas the strain did not (Figure 3) . Hence, one can speculate that a parameter calculated with a time interval (velocity, SR) is more sensitive to stress-induced RV regional changes than a parameter with no bearing on time (displacement, strain).
Regional variability of strain and SR among the RV walls is another issue. In circumferential parameters, we could appreciate exaggerated stress-induced strain change in mid-lateral, anterior, and inferior segments (all, P , 0.05), but not in septal walls (P . 0.05), which seem relatively constrained in anatomy. In longitudinal strain or SR, stress-induced changes were more clear in the SR index than in strain; further study with a large sample is required to declare confidently the regional difference amongst the RV walls. Figure 3 Illustrations of the longitudinal SR and strain of the RV basal lateral segment during SE in patients with normal stress response (n ¼ 50). The magnitude of longitudinal SR significantly increased from baseline to peak (A1, 21.9 + 0.7 to 23.2 + 1.4 cm/s, P , 0.001), but the longitudinal strain showed only a tendency (B1, P ¼ 0.098). Longitudinal SR values showed a significant negative correlation with heart rate (A2). An increase of the magnitude of longitudinal SR at peak was demonstrated in 39 of 50 cases (A3), of strain in 28 of 50 cases. *Heart rate on the apical four-chamber image clip (either baseline or peak stress); † Heart rate on the apical four-chamber image clip at peak stress; D ¼ peak2baseline.
Treadmill vs. dobutamine
Changes (D ¼ peak2baseline) were significantly different between the two groups in systolic BP (P , 0.001) and diastolic BP (P , 0.001), which were expected from the pharmacological effect of dobutamine on beta-2 receptor mediated vasodilatation in patients undergoing dobutamine stress testing. 16 In this study, the primary goal was to evaluate the feasibility of VVI analysis during SE (either treadmill or dobutamine). A priori comparison, such as no age-sex matched or cross-over study, was not intended. In our clinical practice, dobutamine SE is used in patients unable to exercise, who in general are older. Another significant confounding factor in comparing the two groups is the peak heart rate at the time of capturing the study images (P , 0.001). Image acquisition in treadmill SE was performed immediately after the routine postexercise imaging, so that the peak heart rate during RV imaging was not as high as the maximum heart rate the patients achieved. Dobutamine SE, however, could maintain the peak heart rate during the peak stress RV image acquisition.
Study limitations
This is a relatively small study applying novel VVI to RV global and regional function analysis during SE. This study included SE without contrast, implicitly excluding cases with poor endocardial border definition-the feasibility of VVI analysis will diminish with poor echo-images. A small number of patients with various pathologies (poor EF response in six, hypertensive response in eight, and eRVSP in six patients) were excluded in the analysis of the normal response group, limiting it to a comparison between the normal response group and the others. During the analysis, the velocity of the septal sample showed a broad range from negative to positive which might indicate an influence from the LV contraction, possibly subtracting from the velocity vectors (relative to the reference point in the centre of the RV). Maintaining the maximum heart rate during the peak stress RV imaging was challenging, however, in both types of stress testing, the increase in heart rate at image acquisition time [100 Â (peak HR at imaging2 baseline HR at imaging)/baseline HR at imaging] was substantial-48.5% increase from the baseline HR on the treadmill and 70.2% increase with dobutamine. The primary goal of this study was to demonstrate the feasibility of RV analysis during SE with VVI, and for that these heart rate increases at peak should be sufficient. We analysed the images with a frame rate set at 31 fps, which seems low, particularly as stress, but is imposed by the current hardware and software. This study chose the most simple and consistent images of the RV (apical four-chamber and mid-level short-axis views) for successful analysis of the RV regional function; other views of the RV, such as an RV twochamber view, might be more challenging during the routine performance of 2D SE. The role of real-time three-dimensional echocardiography may prove to be helpful and needs investigation.
Caveats of right ventricular-velocity vector imaging and analysis (i) During the imaging, the area of interest should be in the field of view for the entire duration of acquisition in a stable position. The common challenges were in the lateral wall of RV short-axis view in the end-diastolic period, and in patients' respiratory motion at peak treadmill stress. To overcome this, meticulous observation of the image throughout the cycle is crucial during the acquisition, and if significant motion artefact is unavoidable, try to select the one highest quality cycle before automatic computer processing.
(ii) Velocity depends on the reference point; strain and SR do not. For a short-axis image, the reference point should be in the middle of the RV cavity to see the radial velocity; for an apical fourchamber image, on the top of the RV apex to see the longitudinal or tangential velocity of both septal and lateral walls. (iii) Due to different image processing algorithms, the final outcome can be different from a manual point sample vs. computer-generated area sample or from the filtering. Filtering is an option in timerelated curves (velocity and SR). For reliable data analyses, stick to a consistent measurement plan. This study consistently applied manual points without filtering.
Clinical implications
Right ventricular analysis with VVI has the advantage of using a routine 2D gray-scale image with a simple semi-automated tracking process, offering simultaneous global and regional functional information without angle dependency, without compromising simultaneous LV assessment. VVI has useful clinical application in objectively measuring global and regional RV changes otherwise not detected in visual analysis. Further studies are needed to demonstrate the clinical value of stress-induced RV function in various diseased states.
Conclusions
Global and regional RV function analysis was feasible during SE using VVI. Patients with a normal LV response showed a significant increase in the RV global EF and FAC. Longitudinal velocity and SR of the basal lateral wall were better than longitudinal strain or displacement for detecting the RV response to stress in patients with a normal LV response.
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